Cyclic and square wave voltammetries have been used to study electrochemical behaviour of an anti-HIV agent (Guttiferone A) at the liquid-liquid interface. The thin organic membrane is formed by an organic solvent containing redox probe. Guttiferone A, a benzophenone (BP) with appropriate electrolyte. It is demonstrated that BP possesses three reduction systems due to the redox transformation of the three tautomeric forms that lead to the migration of proton between the hydroxyl group in position 4 and the carbonyl group in positions 2 and 10. The transfer of proton from the aqueous solution to the organic phase is crucial for the redox transformation of BP into the organic membrane. The voltammograms obtained are strongly influenced by the pH of the aqueous phase. The electrochemical mechanism consists of 2e − /2H + exchange to form the separate redox compound BPH 2 .
Introduction
Numerous benzophenones reported in the literature are known to possess various biological activities [1] . Their antimicrobial activities are due to their ability to act as (i) potent inhibitors in electron transport [2] , (ii) a model for the reduction of aromatic ketones, especially in an aqueous solution [3, 4] where the main product is benzopinacole, and (iii) mediator in the biosynthesis of a variety of polyisoprenylated benzophenones [5] [6] [7] [8] , a class of compounds which is not only chemically interesting due to their structurally complex features but also pharmacologically valuable.
More specifically, Guttiferone A ( Figure 1 ) and its analogues are known to possess, antioxidant [9] , cytotoxic [10, 11] , and cancer chemopreventive [12] properties. Recent results revealed that Guttiferone A possesses different biological properties such as the cytoprotection against HIV-1 in vitro [6, 13] . Most of the studies concerning Guttiferone are devoted to only biological aspects. The electrochemistry of Guttiferone is less described [14] . Electrochemistry is devoted to understanding the reactivity of molecules through the study of the changes in their properties during electron transfer processes. In many other research areas, such as pharmacology, these relationships are important, since they provide the basis for intelligent design of new drugs or treatments for specific diseases. The areas of research related to molecular, biochemical, and analytical electrochemistry for the analysis of reaction mechanisms and structure-reactivity relationships are of great importance in elucidating the human body's metabolic processing drugs and of the effect of drugs on the body [15] [16] [17] .
In this work, our purpose is to describe redox properties of Guttiferone A using thinfilm electrodes in connection with voltammetric techniques. Modified electrodes are often constituted of a solid electrode covered with an organic phase which contains a compound having redox properties. Such electrodes are used, usually in contact with aqueous phases, for various reasons such as the study of the redox substance present in the organic medium when its insolubility in water does not allow a direct study in an aqueous environment. Thinfilm has same properties as an artificial organic-film membrane. Electrochemical techniques are very well suited for characterizing benzophenone-like compounds. As most of the physiologically active benzophenones are lipophilic, International Journal of Electrochemistry electrochemical methods in nonaqueous medium have been developed. Particularly important are the biomimetic studies in which lipophilic benzophenones are embedded in a lipid membrane support on the electrode surface. Liposomes are also suitable for membrane immobilization of lipophilic benzophenone. In this context, we recently incorporated Lapachol to build an artificial light-driven transmembrane calcium pump and explain a new reduction mechanism of Lapachol in thinfilm electrode [15] . The aim of the work is to provide an insight in the redox chemistry of Gutifferone A, an important natural product embedded in an artificial membrane using the model developed by Shi and Anson [18, 19] . The device used by Shi is derived from the classical threeelectrode configuration depicted in Figure 2 , the working electrode is covered with a thin film of organic solvent previously saturated with water in which the model compound and an appropriate electrolyte are dissolved. The electrode is then immersed in an aqueous electrolyte. The resulting device behaves like a stable liquid interface consisting of an organic membrane in contact with an aqueous phase.
The electrochemical experiments have been conducted with conventional cyclic (CV) and square wave voltammetry (SWV) techniques. The advantages of square wave voltammetry are a higher speed of analysis, a lower consumption of electroactive species, and reduction of problems related to the inhibition of the electrode surface. However, SWV is one of the most advanced voltammetry methods unifying the advantages of CV and pulse voltammetry techniques [20] .
Experimental

Chemicals and Reagent.
Guttiferone A (BP) was obtained from CH 2 Cl 2 -MeOH (1 : 1) extract of Symphonia globulifera using a procedure described by Ngouela and coworkers [21] . The other chemicals were of high purity (99%) and were obtained from Reidel de Häen and Merck. BP was dissolved in a water-saturated nitrobenzene (NB) mixture containing 0.1 M tetrabuthylammonium perchlorate (Bu 4 NClO 4 ) as an organic electrolyte. Figure 2 : Plane edge pyrolytic graphite electrode covered with a micro film of electroinactive water immiscible organic solvent, containing a neutral redox probe and an organic electrolyte, immersed in an aqueous phase-buffered solution containing a common ion with the organic electrolyte. The modified electrode is used in a conventional three-electrode configuration.
Preparation of the Film.
The modification and pretreatment of the working electrode were described elsewhere [15] as follow: the organic solution (1 L) was deposited on the graphite electrode with a micropipette; the organic solution spreads spontaneously over the electrode surface forming a stable film. The so-modified electrode was immersed in a phosphate buffer solution (0.1 M K 2 HPO 4 + 0.1 M KH 2 PO 4 ). When necessary, pH values were adjusted by the addition of citric acid or hydroxide sodium. The aqueous phase is made of a 0.1 M LiClO 4 solution. NB-saturated water (purities select) was used throughout. Figure 2 , a three-electrode system was used with a disk electrode (0.32 cm 2 ) of edge plane highly oriented pyrolytic graphite as a working electrode. The reference electrode was a Saturated Calomel Electrode (SCE), and the counter electrode was a platinum wire. Prior to each experiment, solutions were deaerated thoroughly for at least 20 min with pure nitrogen. A positive pressure of this gas was maintained during subsequent work. Electrochemical data (cyclic voltammetry and SWV) were obtained using an Autolab Potentiostat (Eco-Chemie, Netherlands) driven by a PC with GPES electrochemical analysis software.
Electrochemical Cell and Measurements. As shown in
Results and Discussion
Before starting SWV measurements, the response of the organic film electrodes was thoroughly inspected by cyclic voltammetry in order to check the reproducibility and stability of the different forms of BP during successive potential cycling. is irreversible. Both redox systems have previously been observed by classic cyclic voltammetry in aprotic medium or ionic liquid for other benzophenone [22] [23] [24] . The reduction of benzophenone in ionic liquid presents two reversible wellresolved one-electron reductions which were observed in dry liquid ionic which did not contain any readily available proton source. Upon addition of water or proton, the second process became chemically irreversible and shifted to a more positive potential by approximately 600 mV, moreover, the two reduction processes merged into a single two-electron proton-coupled process when a small among of proton is available in the media. This large dependence of potential on proton content which was not observed in molecular solvents, was explained by a reaction mechanism that incorporated protonation and hydrogen-bonding interaction of the benzophenone dianion with as many water molecules as possible [23] .
It is well known that the scan rate can have a dramatic influence on peak separation. This is the case with couple I-I . At low scan rate, V = 10 mVs −1 , the peak potential separations are 80 mV and 90 mV when the pHs of aqueous solution are 1 and 2, respectively; these values are not so far from the theoretical value of 60 mV tabulated for a reversible one-electron process. An increase of the scan rate up to V = 30 mVs −1 was accompanied by an increase of the separation of the couple I-I , which is typical for a quasireversible electrode process. As a matter of fact, the transfer energy of the proton from the aqueous phase to the organic phase is too high (32,5 kJ⋅mol −1 ) [25] , so that a slow scanning allows enough time to the protons to diffuse towards the surface of the electrode.
The evolution of CVs as functions of the scan rate when the pH is maintained constant is shown in Figure 4 . In addition, the cathodic peaks I and II shifted towards more negative potentials with increasing scan rate. The inset of Figure 4 shows the variation of the scan rate-normalised cathodic peak current, , /V versus V, for cathodic peak II. The ratio /V for cathodic peak decreases severely with an increasing scan rate, indicating a CE mechanism in which the electrode reaction is gated by a slow preceding chemical step [15, 26] . These results suggest that the two systems are not similar. At this level, we cannot establish the fact that the system I/I exchanges one electron. In order to shed more light on these systems and gather more information (e.g., the number of the electrons exchanged), some few experiments were done using square wave voltammetry, a more sensitive method especially when one deals with membrane processes [26] [27] [28] [29] [30] . The SWV technique is one of the most advanced voltammetric methods unifying the advantages of CV and pulse voltammetric techniques. In the course of a SW voltammetric experiment, the potential is repeatedly changed to an oxidative and reductive mode in a form of square-shaped potential pulses [31, 32] . Figure 5 (a) compares typical CV and SWV recorded in an NB membrane in contact with an aqueous solution of pH 1. Unlike the CV, SWV reveals a third system noted as III. The SWV response of BP in the NB in contact with an aqueous solution at pH 1 consists of three well-defined and separated reductive peaks ( Figure 5(b) ). The three reductive peaks are well developed and separated. The processes I/I and III/III are clearly quasireversible, while the peak II reflects a totally irreversible electrochemical process in both electrochemical methods as indicated in Figure 5 . The relative heights vary proportionally to the number of repetitive scans. It can be observed that in the course of these repetitive scans, the magnitude of peak II decreases over time, whereas peaks I and III increase in the same proportion. Figure 6 shows that the intensities of both systems evolve in opposite directions. If the electrode was kept for a certain period in contact with the aqueous solution under open circuit conditions or at the initial potential value, the duration of contact seems to have no effect on the shape of voltammograms, as the position of the tautomerism equilibrium was predominantly fixed by the pH of the medium. Table 1 clearly shows that when the electrode is in contact with the aqueous phase, the intensities of peaks I and III increase with resting time. The decrease in the peak current of system II reveals that the species that gave rise to this system is unstable. Contrary two this, the increase of intensities of systems I/I and III/III show that these species are stable and similar. This, indeed, tends to show that the concentration of molecular forms 1 and 3 (Scheme 1) increases in the membrane. By contrast, peak II decreases in the same time, showing that molecular form 2 is more stable in the membrane than molecular forms 1 and 3. If the electrode was scanned starting at a potential located between the redox systems I and II (i.e., rest = −1.20 V), the magnitude of peak II remains unchanged no matter the duration of the contact between the electrode and the aqueous solution. In addition, it appears that the length of the electrode at this potential does not affect the signal of the peak II (Figure 7 ).
The behaviour of this system does not change with the restriction of the potential. Indicating that the electroactive species that generates the system II is not obtained after the processing of the process I. All these systems are affected by the repetition of the scan and the immersion time of the electrode in the aqueous phase. It, thus, appears that the electroactive species that gives rise to process II is not generated during the electrode process I (Figure 7 ). On the other hand, it is observed that the response of BP in the NB membrane is influenced by the pH of the aqueous phase. Figure 8 shows typical SWVs at different pHs. The relative heights and positions of the voltammetric peaks are strongly sensitive to the pH. The evolution of the potential of each of the cathodic peaks I, II, and III as function of the pH varies linearly (data not shown) with a slope of about 60 mV/pH, it is then clear that the redox processes I, II, and III involve an overall 2e − /2H + exchange, which is typical for BP/BPH 2 redox couple. The process II exhibits typical characteristics of a CE mechanism in which the electroactive reactant is supplied by a preceding chemical reaction. This is confirmed when the scan rate in CV and frequency SWV are varied for experimental arrangements. The overall voltammetric behavior of the studied compound strongly deviates from the common behavior of the BP/BPH 2 redox couple [7, 32] . During the thinfilm experiment, the reduction of the BP must be accompagnied by an ion-transfer reaction across the organic solvent-water interface to maintain the charge's neutrality in the thin film. The proton transfer is a charge-compensating iontransfer reaction. The partition concentration of protons in the organic phase depends on Δ S W as follows:
W is the Galvani potential difference at the membranewater interface. We see that reduction the of BP under these conditions will be made at a less reductive potential. Moreover, the results presented in Figure 7 show that the electroactive reactant for the reductive process II is not generated in the previous electrochemical processes I and III. This excludes the possibility to explain the three reductive processes on the basis of three one-electron consecutive processes with a formation of stable radical-anion intermediate (BP
•− ). Furthermore, a careful inspection of the voltammetric curves in Figure 7 reveals that the current due to the second reductive process II slightly decreases with time. Therefore, the three electrochemical processes originate from redox transformations of three distinctive forms of BP molecule. The interrelation of the peak magnitudes implies that the three redox forms are interconnected by equilibrium reaction. In addition, the stability of the systems I and III shows that they have a comparable nature. To check this assertion, by repetition of the scan, we recorded the curve of Figure 9 in the range potentials −0.2 and −1.0 V. The repetition of scan shows that the intensity of system III grows, while system I decreases. This suggests that the species which produce these processes are independent. The stability of process III results in the split of system I and confirms the presence of another tautomeric form of BP.
In the light of the preceding observation and considering the molecular structure of BP (Figure 1) , it is reasonable to postulate that the intriguing voltammetric characteristic of the present compound originates from the influence of the hydroxyl and carbonyl groups. The carbonyl group in positions 2 and 10 can establish tautomerism equilibrium with the adjacent hydroxyl group in position 4 (Scheme 1). This was described by Martins et al. [33] , who say that the tautomers of Gutifferone in general exist in a solution in a condition of equilibrium. The position of the tautomerism equilibrium K 1 depends critically on the pH of the medium. This equilibrium is shifted toward the form 2 when the pH decreases, which is in agreement with the known acidic catalysis of the ketonol transformation. The slow establishment of the tautomer equilibrium explains the evolution of the square wave voltammograms under the repetitive cycling of the SWV potential modulation (Figure 6 ). Mesomerrism and intramolecular hydrogen-bonding can explain the stability of different tautomeric forms (Scheme 2). It is well known that intramolecular hydrogen-bonding causes the shift of the reduction peak potential towards less negative values [23, 34] . Then, the reduction of the compounds 1 and 3 yields the same reduction product.
We see from Scheme 2 that the mesomeric form 3 is longer than mesomeric form 1. It is well know that the molecule is more stable when its mesomeric is too long. This confirms the different tautomeric forms obtained. The three tautomeric forms can undergo independent redox transformations to yield a hydroxyl form according to Scheme 3.
Reaction (K 4 ) is the common redox transformation of the keton/alcohol redox couple involving an overall 2e − /2H + exchange, assigned to the reduction process I. The chemical equilibriums K 2 and K 1 , coupled to the redox reactions K 5 and K 6 , complete the CE mechanism scheme, thus being attributed to the reduction processes II and III. For the thinfilm experiment, the situation is particularly complex as the 2e − /2H + redox transformation in the membrane must be accompanied by a corresponding ion-transfer reaction across the membrane/water interface to maintain the charge neutrality of the membrane. If the proton transfer is the charge compensating ion-transfer reaction, the reaction K 4 should be written as follows: This overall reaction comprises the 2e − /2H + redox transformation in the membrane along with the transfer of protons into the membrane.
Conclusion
The electrochemical study of a Gutifferone A (BP), revealed on the voltammogram the presence of three successive processes attributed to tautomerism reactions. Detailed voltammetric analysis of these signals reveals the structure of the chemical compound bearing the hydroxyl-moiety in the reduction mechanism. These differences are determined by the stability of intermolecular hydrogen-bonding. The results presented here are the first example of the use of the highly sensitive square wave voltammetry technique for the electrochemical study of Gutifferone A, and it is shown that this method can be used for the analytical determination of this class of natural compounds. We found that carbonyl group in BP can be reduced to a hydroxyl form through 2e − /2H + redox pathway coupled with the transfer of protons. BP undergoes three distinct reduction processes with each yielding a different form of BPH 2 . The three redox processes are assigned to three tautomer forms of BP formed by migration of a proton between the hydroxyl group in the position 3 and the adjacent carbonyl group in positions 1 and 10.
